The helper virus mediating replication of the satellite RNA (RNA 3) of pea enation mosaic virus (PEMV) consists of two autonomously replicating, taxonomically unrelated viral RNAs with ties to the luteovirus (RNA 1) and the newly proposed umbravirus (RNA 2) genera, The following study dissects the relative contribution of each of the genomic RNAs of PEMV to the subsistence and dissemination of this satellite RNA. Infectivity assays in a pea protoplast system demonstrate that RNA 2 alone is responsible for the replication of RNA 3, an observation that is supported in part by shared regions of sequence homology at the 5' and 3' termini of both RNAs. In pea seedlings, infectivity assays also demonstrated that the presence ofRNA 2 alone is necessary for the systemic invasion of RNA 3. In contrast, the luteovirus-like phase of PEMV (RNA 1) is solely responsible for the encapsidation and aphid transmission of both RNA 2 and the satellite RNA. In a manner comparable to several other virus-satellite systems, the satellite of PEMV also displays a differential response in its capacity to attenuate symptom expression in selected host species. Thus, the satellite RNA of PEMV exists in a trilateral arrangement with its host and two viral RNAs, comparable in many respects to the satellite-virus-host interaction occurring with groundnut rosette disease.
Introduction
Recent examinations of the genomic organization of pea enation mosaic virus (PEMV) demonstrated a complex association of two independently replicating and taxonomically distinct 'genomic' RNAs participating in the establishment of a systemic infection (Demler & de Zoeten, 1991; Demler et al., 1993 Demler et al., , 1994 . RNA 1 [5705 nucleotides (nt)] has a clear linkage with members of the luteovirus genus, possessing strong sequence homology to the potato leafroll beet western yellows luteovirus subgroup. This RNA is capable of autonomous replication in protoplasts, and also provides structural and vector transmission functions to the relationship. In marked contrast to other multicomponent viruses, RNA 2 (4253 nt) lacks appreciable sequence homology to RNA 1, most notably at the 3' and 5' termini. This RNA encodes a separate polymerase, unrelated to that of RNA 1, but more closely affiliated with a diverse collection of viruses related to the carmovirus, tombusvirus and newly proposed umbravirus genera. RNA 2 is
The nucleotide sequence data reported in this paper have been submitted to the GENEMBL databank and assigned the accession number U03564. capable of both autonomous replication and systemic invasion in the absence of its genomic counterpart, yet lacks structural functions, and is thereby dependent on RNA 1 for encapsidation and vector transmission. In a manner comparable to the luteovirus helper-dependent complexes, PEMV exists as a chimera of two taxonomically dissimilar RNAs that are replicatively independent, yet interact cooperatively for encapsidation, vector transmission and systemic invasion.
In addition to these two genomic RNAs, many isolates of PEMV also contain a third RNA of 717 nt that has been characterized as a satellite RNA (Demler & de Zoeten, 1989) . The functional definition of a viral satellite RNA is based on three fundamental characteristics: a non-essential role in virus infection, a lack of sequence homology to the viral or host genome, and a dependence on the helper virus for replicative and structural functions [for recent reviews consult Roossinck et al. (1992) and Collmer & Howell (1992) ]. In previous studies, we were able to demonstrate the replicative dependence of RNA 3 on the two combined genomic RNAs, and the similar dependence on RNA 1 for encapsidation and vector transmission functions. However, the autonomous replication of each of the genomic RNAs suggests that either one, or possibly both of the viral RNAs may serve as the replicative helper in this association. In light of the value provided by satellites in examining such functions as viral replication, RNA processing and symptom expression, as well as their potential usage in disease control strategies, it appears relevant to define the genomic RNA or RNAs specifically responsible for the replication of this satellite. In the following study, we will dissect the relative contribution of the genomic RNAs of PEMV to the subsistence of this satellite. We will demonstrate that the satellite of PEMV behaves very much like the 'two-tiered' satellite of the groundnut rosette complex; it depends on the luteoviruslike phase for encapsidation and vector transmission, and on RNA 2 for replication.
Methods
Virus isolates'. All material utilized in this study was derived from the aphid non-transmissible WSG isolate of PEMV containing RNA 3 (previously designated PEMV WSG+3). Virus was propagated in Pisum sativum L. cv 8221, and the procedures for virus purification and nucleic acid isolation were as described previously (Demler & de Zoeten, 1989) . The biological effects of satellite-containing compared to satellite-free isolates were evaluated in the hosts P. sativum L. cv 8221 and Nicotiana benthamiana Domin.
Infectivity assays. The procedures for pea protoplast isolation, inoculation and RNA purification were identical to those described previously (Demler et al., 1993) . The protocols for the inoculation and for the isolation of RNA from seedlings of P. sativum or N. ben thamiana were also outlined earlier (Demler & de Zoeten, 1989) .
Sequence analysis. The sequence of RNA 3 of PEMV was determined using the dideoxynucleotide chain termination technique as modified for T7 DNA polymerase (Sequenase, USB; Tabor & Richardson, 1987) . A total of five independent clones of RNA 3 in pUC19 were sequenced in both orientations using specific internal oligonucleotide primers. Three of the clones sequenced in this study were prepared from the double-stranded replicative form of RNA 3 as described previously (Demler & de Zoeten, 1989 ). An additional two full-length clones were prepared from virion-derived RNA 3 using the reverse transcriptase/T4 DNA polymerase protocol described in Demler et al. (1993) . In this procedure, the phosphorylated primers 5' dGGGCG-GCATATTAAATGC 3' (complementary to the 3' terminus) and 5' dGGGTATTAATAGGGTCC 3' (representing the 5' terminus) served to prime first-and second-strand synthesis, respectively. The resulting cDNA was then ligated directly into SmaI-digested pUC19.
Confirmation of the Y-terminal nucleotide was performed by primer extension of ssRNA 3 purified from virions as described by Allison et al. (1988) . The Y terminus was similarly confirmed using the replicative form of RNA 3 as template, as described in Demler et al. (1993) . Sequence analysis was performed using the UWGCG software system (version 7.2; Devereux et al., 1984) .
Construction of RNA 3 transcription vector. Full-length clones of RNA 3 of PEMV (designated pPER3) under the transcriptional control of the bacteriophage T7 promoter were derived from clone pRNA3 described earlier (Demler & de Zoeten, 1989) . The promoter from phage T7 and the native 3' terminus of RNA 3 were added to clone pRNA3 by PCR using Taq polymerase (Boehringer Mannheim), and a Coy model 10 thermocycler (profile: 30 cycles, 2 min at 55 °C, 2 rain at 72 °C, 1 min at 94 °C). The 5' primer, 5' CGGAATTCTA-ATACGACTCACTATAGGGTATTAATAGG3', consists of the first 13 nucleotides of RNA 3 (underlined) preceded by the phage T7 promoter and an EcoRl restriction site (bold). The 3' return primer, 5' GGGCGGCATATTAAATGC 3', consists of the complement of the final 18nt of RNA 3. This primer was treated with T4 polynucleotide kinase (Boehringer Mannheim) prior to amplification to add a 5'-terminal phosphate moiety (Sambrook et al., 1989) . The resulting PCR product was fractionated on a 1% agarose gel, and a band of approximately 750 bp was excised and purified by electroelution. Following ethanol precipitation, the product was treated with the Klenow fragment to remove extraneous nucleotides from the 3' termini of the PCR product. Following heat inactivation of the Klenow polymerse, the product was digested with EeoRI, phenol-extracted and ethanol-precipitated. The resulting DNA was then ligated directly into pUC19 digested with EcoRI and SmaI. The sequence of successful recombinants was determined to confirm the fidelity of the PCR reaction.
Preparation of RNA transcripts. The basic protocol for the production of capped [G(5')ppp(5')G] in vitro transcripts of RNAs 1, 2 and 3 of PEMV was identical to that described previously (Demler et al., 1993) . Full-length transcripts of RNA 3 were prepared by digesting clone pPER3 with Sinai, followed by transcription with T7 RNA polymerase (Promega), resulting in the retention of the native 5' and Y termini in the transcription product. A replicatively inactive transcript was produced by digestion with ApaI (686) prior to transcription, eliminating the 3'-terminal 31 nt. All transcripts were evaluated for concentration and integrity by agarose gel electrophoresis prior to use.
Preparation of digoxigenin-labelled probes. RNA probes specific for the plus-sense strand of RNA 3 were prepared by subcloning the PstI insert of pRNA3 into the dual transcription vector pT7T3-18 (Pharmacia). The orientation of the insert in the vector was determined by sequence analysis. RNA probes labelled with digoxigenin-11-UTP (Boehringer Mannheim) were prepared using T7 RNA polymerase on the HindIII-linearized vector as described by the manufacturer. Probes specific to RNAs 1 and 2 were prepared in a similar fashion (Demler et al., 1994) .
Northern blot analysis. One lag aliquots of total cellular or protoplast RNAs were fractionated on 1% agarose gels under non-denaturing conditions in 0.5 x TAE buffer (20 mu-Tris-acetate, 10 mM-sodium acetate, 0.5 mM-EDTA, pH 7.8) and electroblotted onto nylon membranes (MSI) in 0-5 x TAE. Hybridization, washing and chemiluminescent detection of labelled RNA RNA hybrids was performed using the Boehringer Mannheim Genius detection system as recommended by the manufacturer.
Results

Sequence analysis of RNA 3
Previous studies have demonstrated that the two genomic RNAs of PEMV exist in a symbiotic relationship, with each component providing its own replication functions. Since the foundation of the virus-satellite relationship rests on replicative interactions, the central goal of this study was to re-examine the replicative dependence of the satellite RNA of PEMV on each of the two genomic RNAs.
The complete 717 nt sequence of RNA 3 of PEMV is shown in Fig. 1 . This sequence represents a composite of five independent cloning events, and we have found no evidence of sequence variants among these clones. Computer analysis of the plus-sense (encapsidated sense) and minus-sense strands of RNA 3 identified a number of conventional open reading frames (AUG to termination) capable of encoding products of up to 4.3K on the plus-sense strand, and 7.2K on the negative-sense strand. In vitro translation of virion RNA 3 or of plussense RNA 3 transcripts at levels of 1 to 50 lag/ml in rabbit reticulocyte lysate (Promega) did not stimulate incorporation of amino acids under conditions supporting the translation of PEMV RNAs 1 and 2. At this time, no attempt to identify translational products in vivo has been attempted. Examination of the extreme 5' and 3'-terminal sequences of RNA 3 provides the first evidence of a relationship to one of the genomic RNAs of PEMV. Twelve of the first 14 nt at the 5' terminus, and seven of the eight T-terminal nucleotides are identical to those of RNA 2 (subscripts in Fig. 1 ). It is not known at this time whether these terminal sequences are involved in the recognition and initiation of replication of these RNAs. With the exception of this terminal homology, the sequence of RNA 3 is distinct from RNA 1 and RNA 2, an observation supported by previous hybridization studies (Demler & de Zoeten, 1989) . Although a covalently linked 17.5K VpG was associated with unfractionated virion-derived RNAs (Reisman & de Zoeten, 1982) , it has not as yet been determined whether the PEMV satellite RNA is similarly modified.
Comparisons of the sequence of PEMV RNA 3 with other defective interfering (DI) and satellite RNAs failed to provide evidence of a statistically significant sequence relationship. However, it is noteworthy that the 5'-terminal triguanylate residues, and the 3'-terminal GCCC tetranucleotide are also recurrent (although not absolutely) sequence motifs present in the genomic, satellite and DI RNAs of several virus groups including members of the carmo-and tombusvirus genera, viruses with which the polymerase of PEMV RNA 2 has the strongest taxonomic linkage. Despite this similarity, there is no other evidence of extended sequence homology between the PEMV satellite RNA and any other satellite sequences currently available.
A second curiosity in the PEMV RNA 3 sequence is the occurrence of 27 nt duplicated sequence blocks (underlined, Fig. 1 ). At present, no functional significance can be ascribed to this duplication, and it may possibly reflect an aberrant replicative event.
Genomic RNAs responsible for satellite replication
To determine the replicative dependence of the PEMV satellite RNA on the individual or combined genomic RNAs, protoplasts of P. sativum were inoculated with all combinations of PEMV RNA transcripts and the de novo replication of the RNAs was assayed by Northern blot analysis (Fig. 2) .
The infectivity of individual transcripts of the genomic and satellite RNAs of PEMV are depicted in lanes 4 (RNA 3), 6 (RNA 1) and 7 (RNA 2). These controls corroborate the reported non-infectious status of RNA 3 alone (Demler & de Zoeten, 1989) , as well as confirming the autonomous replication of RNAs 1 and 2 at levels equivalent to that of wild-type viral RNAs (lanes 12 and 13). The replicative competence of transcripts derived from clone pPER3 in conjunction with PEMV genomic RNAs is illustrated in lanes 12 and 13, in which viral RNA purified from a satellite-deficient isolate of PEMV (lane 12) was supplemented with transcripts of satellite RNA (lane 13).
The ability of the individual RNAs of PEMV to support satellite replication is illustrated through combinations of infectious transcripts depicted in lanes 8 (RNAs 1 and 2), 9 (RNAs 1 and 3), 10 (RNAs 2 and 3) and 11 (RNAs 1, 2 and 3). As shown in these lanes, only combinations containing RNA 2 are capable of supporting the replication of the satellite RNA of PEMV; RNA 1 alone (lanes 9) is incapable of providing this function. Two additional controls were performed to verify that positive signals encountered at 36 h post-inoculation (p.i.) are not the result of residual input inoculum. Lanes 1 and 2 consist of RNA isolated immediately after inoculation (t = 0, control) from an aliquot of protoplasts inoculated with RNA 3 (lanes 2) or with a truncated non-infectious RNA 3 transcript (lanes 1). Lanes 3 (truncated transcripts) and lanes 4 (RNA 3) depict a second aliquot of these same protoplasts, sampled at 36 h p.i. As shown in these lanes, there is no detectable evidence for the survival of input inoculum 36 h p.i. The amplification in signal intensity in Fig. 2(c) , lanes 10, 11 and 13 compared to lane 2 also attests to the de novo replication of RNA 3 by RNA 2-containing transcript combinations. In summary, this evidence demonstrates that replicative functions encoded by RNA 2 support the replication of PEMV RNA 3. ~,i~. ~ W -Sat Fig. 2 . Determination of the replicative dependence of RNA 3 on the individual genomic RNAs of PEMV. The autoradiograms pictured are of Northern blots of total RNAs isolated from protoplasts of P. sativum inoculated with various combinations of PEMV RNA transcripts. Northern blots were each hybridized with probes specific for one of the three RNAs: RNA 1 (a), RNA 2 (b) and RNA 3 (c). Lanes 1 and 2 represent RNAs isolated immediately following inoculation (t = 0, control); all other RNAs were isolated 36 h p.i. Inoculation treatments: lanes 1, truncated RNA 3 transcripts lacking the 3'-terminal 31 nt (replicatively inactive); lanes 2, full-length RNA 3 transcripts; lanes 3, truncated RNA 3 transcripts lacking the 3'-terminal 31 nt; lanes 4, full-length RNA 3 transcripts; lanes 5, mockinoculated protoplasts; lanes 6, full-length transcripts of RNA 1 ; lanes 7, full-length transcripts of RNA 2; lanes 8, combined inoculum of fulllength transcripts of RNAs 1 and 2; lanes 9, combined inoculum of fulllength transcripts of RNAs 1 and 3; lanes 10, combined inoculum of full-length transcripts of RNAs 2 and 3 ; lanes 11, combined inoculum of full-length transcripts of RNAs 1, 2 and 3; lanes 12, viral RNAs 1 and 2 isolated from a satellite-deficient isolate of PEMV; lanes 13, viral RNAs 1 and 2 supplemented with full-length transcripts of RNA 3. The position of RNA 1, the subgenomic RNA of RNA 1 (sg), RNA 2 and the satellite RNA (Sat) are indicated to the right of the figure. Note the absolute requirement of satellite replication on the presence of RNA 2 in the inoculum.
Genomic R N A s mediating systemic movement of R N A 3
A second goal of this study was to address whether the presence of both genomic RNAs of PEMV is a prerequisite for the systemic invasion by the satellite RNA. To approach this question, we inoculated all possible combinations of RNAs 1, 2 and 3 to seedlings of P. sativum and analysed systemic invasion by Northern blot analysis of total RNAs isolated from tissues sampled above the inoculated leaves at 6 days p.i. (Fig. 3) . Lane 1 depicts total RNA isolated from a mock-inoculated pea seedling, confirming the uninfected status of the source plants. The treatments depicted in lanes 2 to 6 reconfirm previous results on the independent infectivity of the PEMV genomic and satellite RNAs. Neither RNA 3 (lane 2), RNA 1 (lane 3) nor the RNA 1/RNA 3 combination (lane 4) were capable of establishing a systemic invasion. In support of previous studies, only transcripts of RNA 2 (lane 6) were capable of initiating a systemic infection in the absence of its counterparts, and only the inclusion of RNA 2 with RNA 1 (lane 5) was competent to support RNA 1 systemic invasion. Inoculum containing the satellite RNA in conjunction with RNA 2 (lane 7) and RNAs 1 and 2 (lane 8) clearly demonstrated the support of RNA 3 systemic invasion.
Thus, these data demonstrate that RNA 1 is dispensable for the systemic movement of the satellite RNA in infected plants. Because of the replicative dependence of RNA 3 on RNA 2, we cannot at this time conclude that Sate~D Fig. 3 . Determination of the dependence of RNA 3 on the genomic RNAs for systemic invasion in pea seedlings. The autoradiograms presented are of Northern blots of total RNA isolated from seedlings of P. sativum inoculated with various combinations of PEMV RNA transcripts. All samples were taken at 6 days p.i. and consist of seedling tissue isolated above the inoculated leaves. Northern blots were each hybridized with probes specific for one of the three RNAs: RNA 1 (a), RNA 2 (b) and RNA 3 (c). Inoculation treatments are as follows. Lane 1, mock-inoculated negative control. Lanes 2 to 8 represent RNA isolated from seedlings that were inoculated with: full-length RNA 3 transcripts (lanes 2); full-length RNA 1 transcripts (lanes 3); combined inoculum of RNAs 1 and 3 (lanes 4); combined inoculum of RNAs 1 and 2 (lanes 5); full-length RNA 2 transcripts (lanes 6); combined inoculum of RNAs 2 and 3 (lanes 7); combined inoculum of RNAs 1, R N A 2 is m a n d a t o r y for satellite systemic movement, only that R N A 1 is dispensable for this function.
Biological effects of RNA 3
To examine the biological effects of R N A 3 on P E M V infection, we inoculated seedlings of P. sativum and N. benthamiana with infectious transcripts or with purified viral R N A s and evaluated symptom expression and replicative support. In previous characterization o f the satellite o f P E M V , we found that the occurrence of this satellite has a benign influence on symptom expression, virus yield and aphid transmission in P. sativum, the host in which this element first appeared in our laboratory. In this study, we also found no effect of R N A 3 on these parameters in peas whether we used naturally occurring or in vitro transcripts o f R N A 3. Inoculation o f seedlings with R N A s 2 and 3 also displayed no reduction in symptom intensity of the mild symptoms associated with R N A 2 infection. As demonstrated above, there was no evidence of independent infection by R N A 3, and no evidence of infection by the R N A 1 / R N A 3 combination. In a marked contrast to the innocuous influence o f this satellite in pea seedlings, the presence o f R N A 3 with R N A s 1 and 2 in N. benthamiana seedlings produced a marked attenuation in symptom intensity relative to seedlings infected with the R N A 1 / R N A 2 combination alone (Fig. 4 a, b) . This reduction in symptom intensity was observed whether the challenge R N A was derived from virions or from infectious transcripts. Beginning at 7 days p.i., seedlings infected with R N A s 1 and 2 displayed a marked curling, stunting and puckering of the newly formed upper leaves, which often developed a bright yellow mosaic pattern. In contrast, plants that received inoculum containing R N A 3 were generally devoid of these symptoms. These plants did display evidence of a slight mottling on upper leaves, although there was little evidence of the characteristic growth malformations. Within an additional 7 to 10 days these leaves fully recovered. Plants infected with R N A s 1 and 2 also displayed a systemic stunting relative to mockinoculated controls. The presence of the satellite R N A also reduced the severity of this symptom, although there is evidence of stunting intermediate to the mockinoculated plants and those inoculated with R N A s 1 and 2 (Fig. 4b) . In a manner consistent with several other satellite elements, the satellite R N A o f P E M V has the capacity to diminish the symptom intensity of the helper 2 and 3 (lanes 8). The positions of the different RNA species, as defined in the legend of Fig. 2 , are indicated to the left of the figure. Note the lack of dependence on RNA 1 for the systemic invasion of RNA 3. 
Discussion
In previous studies, we have been able to establish that PEMV exists as a complex of two viral RNAs each with affinities to dissimilar viral genera. One of these RNAs, RNA 1, is distinctly luteovirus-like in genome organization and sequence, whereas RNA 2 represents a coat protein-deficient RNA with stronger homology to members of the newly proposed umbravirus genus, a class of coat-protein deficient viruses related to the carmo-and tombusvirus genera (Murant, 1993; M. J. Gibbs, personal communication) . The goal of this study was to identify the contribution of each of these RNAs to the subsistence and dissemination of the satellite RNA of PEMV. Infectivity studies in pea protoplasts and seedlings established unequivocally that RNA 2 is solely responsible for the replication of RNA 3, an observation that is further supported by sequence homology between these two RNAs at the immediate 5' and 3' termini. Thus, from a replication standpoint, RNA 3 is technically a satellite of RNA 2. Although double-stranded RNA 3 is present in high concentrations of infected tissues (Demler & de Zoeten, 1989) , the Northern blots presented in this and in our 1989 study have detected no evidence of multimeric or circular forms of RNA 3. At this time, the replication pathway of PEMV RNA 3 appears to proceed through linear, monomeric intermediates. Infectivity studies with pea seedlings also established that RNA 1 is dispensable for the systemic invasion of RNA 3. Although RNA 1 is non-essential for these two functions, our previous studies of this element clearly established the dependence of RNA 3 on RNA 1 for encapsidation and for aphid transmission. Thus RNA 3 of PEMV represents another example of what has been termed a 'two-tiered' satellite RNA, adapting to two different viruses for replicative, encapsidation and dissemination functions (Collmer & Howell, 1992) .
In previous discussions of RNAs 1 and 2 of PEMV, we have noted the similarities and differences between the PEMV genomic RNAs and the helper-dependent complexes of the luteoviruses. In much the same manner, we can also identify parallels and differences between the satellite RNA of PEMV and comparable species in these complexes, most notably the satellite RNA of groundnut rosette virus. In both cases, each satellite RNA displays dual dependence on the two 'genomic' components, depending on the luteovirus phase for encapsidation and vector transmission, but relying on the umbravirus phase (RNA 2) for replication. A marked contrast between these two RNAs is the dependence of groundnut rosette virus (the dependent phase) on its satellite for aphid transmission by the luteovirus phase (groundnut rosette assistor; Mutant, 1990 Mutant, , 1993 . Such dependence does not occur for PEMV; the satellite RNA has no effect on the encapsidation and vector transmission of any of the PEMV RNAs (Demler & de Zoeten, 1989) . Thus, although the satellite of the groundnut rosette virus complex appears to be evolving toward what we might consider an essential genomic RNA, that of PEMV has retained the non-essential nature we commonly associate with satellite RNAs.
As observed in the differential response of N. benthamiana to satellite-deficient and satellite-containing isolates of PEMV, the data presented in this study provide the first evidence of symptom attenuation by the PEMV satellite RNA. With the continuing interest in applying satellite RNAs as biocontrol agents, this demonstrated symptom attenuation suggests a possible approach toward the development of a control strategy against a disease in which genetic control has been limited to tolerant varieties. However, at present we have insufficient information about genotypic or phenotypic variation among PEMV satellite variants to know whether more pathogenic variants exist, or whether forms exist that attenuate symptoms in commercially important hosts. It is equally unclear whether closely related viruses (such as the umbraviruses) could support RNA 3 replication, and Whether the less closely related relatives of RNA 2, the carmo-and tombusviruses, could support RNA 3 replication. As these questions are addressed, the feasibility of using the PEMV satellite RNA as a control measure will be clarified.
